Particulate matter (PM) and its constituents are recognized risk factors for the development of respiratory symptoms and illness in children. Most measurements of exposure have relied upon stationary indoor monitors (SIMs), overlooking the role of resuspended PM. To improve exposure characterization to resuspended aerosol PM, a recently developed methodology has been employed. The goal of this study was to characterize the resuspendable fraction of house dust and early childhood exposures to PM and its constituents in the child's home and compare conventional SIM and the Pre-toddler Inhalable Particulate Environmental Robotic (PIPER), an innovative mobile sampler. The study seeks to demonstrate that PIPER provides a more relevant estimate of exposure from inhalable particulate matter through improved correlation with respiratory symptoms in young children. Seventy-five households with children between 3 and 59 months of age were recruited from clinics in central New Jersey. Demographic information, and responses to a health questionnaire based upon that used by the International Study of Allergies and Asthma in Childhood (ISAAC), and household data were collected. Household exposures to inhalable PM (PM 100 ) and endotoxin were determined with simultaneous SIM and mobile (PIPER) sampling. Univariate and multivariate analyses were carried out. History of wheeze (''recent'' (o1 year) and ''ever''), cough, asthma and eczema was evaluated. Multivariate analysis models included PM 100 and endotoxin levels by tertiles of exposure. Risk of asthma for the highest tertile of PM 100 , as measured by PIPER (odds ratio ¼ 4.2; 95% confidence interval 0.7-24.0), was compared with measurements by SIM (odds ratio ¼ 0.7; 95% confidence interval 0.2-2.6). Measurements of PM and its constituents with PIPER are more strongly associated with asthma, eczema and wheeze compared with measurements using SIMs. Application of this methodology may provide useful insights into early childhood exposures related to the etiology of childhood illnesses associated with inhalation exposures.
INTRODUCTION
How environmental exposures may affect young children is a significant public health concern. Children in developed countries can spend up to 90% of their time indoors, making the indoor environment especially important in understanding early childhood illness and respiratory problems in particular. 1 An accurate method for estimating environmental exposure to airborne contaminants is essential to understanding both the environment and possible links to respiratory health problems. Until now, characterization of children's exposures has relied primarily on measurements of settled dust or general area stationary indoor monitors (SIMs). 2 Whereas some studies have found a significant association between concentrations of indoor particulate matter (PM) and respiratory morbidity, others have not. [3] [4] [5] [6] [7] In contrast, personal sampling has demonstrated strong associations between environmental factors and respiratory response. 8 Experience from other studies of environmental exposure to airborne contaminants has demonstrated that personal exposure monitoring provides more accurate estimates of exposure compared with SIMs. 2, 9 Unfortunately, because of the size and weight of the equipment, personal sampling is not an option for studies involving very young children. Yet, this age group may receive higher exposures in the home compared with older children and adults because of their frequent play activities on floors. This may be of critical importance as the floor can provide a significant reservoir for resuspendable PM, which in previous studies is often only estimated. 8 Human activity is well established as a factor in resuspension and a resultant increase in air levels of inhalable dust. 10, 11 Owing to the significant amount of time that very young children spend playing on the floor, any constituent in house dust subject to resuspension is likely to be inhaled. Thus, the potential for increased exposure and inhalation may contribute to the respiratory symptomatology and allergic sensitization in this vulnerable population. 8, 12, 13 The traditional use of SIM may grossly underestimate personal exposures, especially those resulting from resuspension of dust from floor surfaces.
In assessing environmental exposures, children's respiratory symptoms are often measured using questionnaires. 2 Among the symptoms, wheeze in early childhood is considered to be a significant predictor for the development of asthma. 18 A study of young children observed that almost half had at least one episode of wheeze in their first year of life. 3 A number of environmental factors are known to initiate wheeze in young children, including allergens, endotoxins and inhaled PM. 5, [19] [20] [21] [22] Although endotoxins have been associated with wheeze in young children, the hygiene hypothesis suggests that endotoxin exposure in childhood may actually be protective against later development of asthma. [23] [24] [25] It has also been recognized that atopic children may present with eczema as well as with respiratory symptoms. 13, 26 A recent review of the literature on the role of inhalation exposures and asthma in children concluded that ''improving exposure assessment is critical for reducing measurement error and increasing power, which increase confidence in characterization of children at risk, leading to improved health outcomes''. 2 It has also been suggested that measurement of airborne levels of endotoxins may be a more appropriate method of characterizing young children's exposure compared with surface dust. 27 To better characterize exposures of children too young to wear personal sampling pumps, a robotic personal sampling surrogate was developed. The robot, pre-toddler inhalable particulate environmental robotic (PIPER) shown in Figure 1 , was designed to be a personal sampling surrogate for young children. 14, 15, 17 The PIPER Mk IV sampling system is composed of the robot and a laptop computer that controls the robot. PIPER's weight is 10 kg and its size is 41 cm wide, 35 cm long and 25 cm in height. It is capable of carrying up to two personal exposure instruments and can sample room air at any height from 20 to 100 cm by means of its telescoping tower. PIPER is controlled by an onboard central processor, which controls avoidance maneuvering through the use of active infrared and sonar sensing modules. The more complex activity profiles are transmitted via a wireless link from the control program on the laptop. A laptop contains the main PIPER software program and provides the software platform for the implementation of the child activity profiles. The sampling area can be designated by the use of a commercially available infrared virtual wall. This is particularly useful in rooms with multiple entryways and no doors, or to avoid downward stairways.
Behavioral profiles were created by carrying out a detailed quantitative analysis of 70 video recordings (B 300 h) of children at play in their homes. Children's activities were characterized by their position on the floor (lying, crawling, sitting or standing) and movement (broadly defined as stationary, slow or fast). Children's activity profiles were divided into six age-and gender-specific groups: ages 6 months to 1 year, 41 to 2 years, and 42 years to 3 years of age. Mean percentage of time spent by children in each category of activity (unique combination of position and speed) as well as mean duration of the activity was used to create a unique behavioral profile for each age and gender (e.g., age 6 months to 1 year-old-boy, etc.). The breathing zone heights, corresponding to age-specific postural positions, and speeds were derived for each age and gender from the published literature.
28,29 These profiles direct PIPER to vary its speed from being stationary to a maximum of 65 cm/sec, simulating the pace of these children at play. Profiles also direct the sampling height by raising or lowering the sampling tower from a minimum height of 20 cm above the floor to a maximum of 84 cm. These profiles allow the speed and breathing zone height of children between ages 6 months to 3 years to be simulated. The sequence of instructions is generated by a probability algorithm, derived from the quantitative analysis of the video recordings and based upon the percentage of time a child spends in the selected activity for that specific age and gender.
PIPER starts, stops and raises and lowers its sampling head to capture samples from the microenvironment cloud created at the height of a young child's breathing zone (20-100 cm above the floor). The characteristics of the near-floor microenvironment have been shown to deviate sharply from those characterized by SIM, which significantly underestimates inhalation exposures of young children. 14, 15 A study was carried out to examine the value of this new technology for assessing household exposures to inhalable PM and how this technology might be useful in identifying specific characteristics of these indoor aerosols and allergens and their relationship with respiratory symptoms, asthma and eczema in young children (r5 years).
MATERIALS AND METHODS
The PIPER Children's Health Study is a cross-sectional study of indoor inhalation exposure to PM and respiratory symptoms, asthma and eczema in young children (ages 3 months to r5 years). This study was conducted in 75 homes in central New Jersey. Measurements of PM were obtained following two methods for each home: SIM and PIPER. Eligible subjects between the ages of 3 and 59 months were recruited from a pediatric pulmonology clinic, a general pediatric clinic and through a local health fair. Parents interested in participating in the study were recontacted by telephone and an appointment made to complete a questionnaire and have their home sampled. All questionnaires were administered to study participants by a trained technician. If multiple eligible children resided in the home, the youngest child in the household was recruited as the study participant. Demographic, health and environmental data were collected. Health data were collected using the International Study of Asthma and Allergies in Childhood (ISAAC) questionnaire for respiratory and allergy symptoms, administered to the subject's mother. 30 Even though some Figure 1 . Pre-toddler inhalable particulate environmental robotic (PIPER) shown with two air sampling pumps attached and partial elevation of sampling tower.
questions were not a focus of this study, all of the ISAAC questions were left in the original order to preserve comparability of responses. The UMDNJ Institutional Review Board reviewed and approved the study (protocol no. 0220070004). Detailed descriptions of the environmental assessment methodologies have been previously reported. 15, 17 The total time spent in the home was B 2 to 2½ hours; sampling times were the same for all homes. Air samples were collected simultaneously utilizing SIM and PIPER in one room (the child's main play area, based upon parental reporting). Both the SIM and PIPER measurements were collected with identical sampling trains (e.g., particulate air sampling heads, personal sampling pumps). Air samples were collected using SKC Button Aerosol Samplers for inhalable dust (o100 mm mean aerodynamic diameter). The inlet height for the stationary monitor was fixed at 110 cm. The stationary monitor was placed at least 0.5 m from each wall. To navigate residential environments, PIPER is equipped with obstacle avoidance sensors. Thus, most rooms were sampled with little disturbance to the furnishings. Generally, only coffee tables were moved to provide a larger sampling area. Subject families were requested to stay out of the room during sampling.
For univariate analyses, the concentrations of inhalable PM as measured by SIM and by PIPER sampling were stratified by homes with bare and carpeted/rug flooring. The stratified distribution of PM concentrations was evaluated and was found to be approximately log normal. To avoid any issues from the observed distribution in the multivariate analysis, nonparametric analyses were carried out for PM and endotoxin levels. Exposures for both PM 100 and endotoxin were converted to categorical variables by tertiles of exposure and indicator variables included in the full and final models. All statistical analyses were carried out with Stata MP Version 11.2 software (Statacorp, College Station, TX, USA), and P values, odds ratios (OR) and 95% confidence intervals (CI) were computed.
RESULTS
From 75 households, a total of 46 boys and 29 girls were included in the study. Demographics of participants are presented in Table 1 and housing characteristics in Table 2 . The results from the health questionnaire are presented in Table 3 . Paired airborne PM and endotoxin samples were collected from all 75 homes. Details of the mold and endotoxin findings have been previously reported. 17 All air samples in tested homes had detectable levels of endotoxin. The observed levels of endotoxin collected in the child's play area ranged from 0.09 to 16 Data for PM from one home, where one boy resided, was excluded from the final analysis, because of filter overloading. Briefly, for inhalable PM, the overall observed arithmetic and geometric means for concentrations collected on the filters (N ¼ 74) from the SIM were 41. 4 3 ). On carpeted floors, the geometric mean for PM as measured by SIM was 36.4 mg/m 3 and for PIPER it was 75.9 mg/m 3 , with a difference of 29.5 mg/m 3 (P ¼ 0.0002). On bare floor, the measurement for SIM was 28.0 mg/m 3 and for PIPER it was 29.6 mg/m 3 , with a difference of only 1.6 mg/m 3 (P ¼ 0.42). Parental reports of symptoms or illness were evaluated for possible association with PM and endotoxin measurements, both by SIM (stationary) and PIPER (mobile) air sampling. The observed levels of both PM and endotoxin were approximately log-normally distributed. PM and endotoxin levels were converted to categorical variables by tertiles of exposure (Table 4 ) and incorporated as indicator variables in the multivariate analyses. Among the health outcomes (Table 3 ) assessed on the basis of the mother's response to the ISAAC questionnaire were ''recent'' wheeze (within the last year), ''ever'' wheeze, hay fever, cough, eczema, snoring and asthma (physician diagnosis of asthma). Frequency of symptoms was not analyzed because of the small size of the study population.
Unconditional multivariate logistic regression analyses were carried out on all of the outcomes listed in Table 3 . Independent variables included in the full model were age (months), gender, family history of asthma, type of stove (gas or electric), presence of a basement, relative humidity, floor covering (bare or rug/carpet), smoking (adult smokers in the home), sleeping with stuffed toys and presence of household pets (Tables 1 and 2 ). As previous studies had observed increased respiratory symptoms, asthma and eczema in children who slept with stuffed animals, 31,32 this term was included in the final model. The final model excluded type of stove, presence of a basement and smoking. Stove and basement were excluded for lack of observed association with the outcome of interest. Smoking was excluded because there were only two smoking households in the study group. Models for PM and endotoxin were each evaluated in the presence of the other. Separate models were computed using the SIM and PIPER data. No notable findings were observed for cough, hay fever and snoring and their association with either exposure methodology, and these results are not presented here. The results of the final models for wheeze ''ever'' and ''recent'', asthma and eczema are presented in Tables 5 and 6 .
DISCUSSION
The analysis observed the expected strong association of wheeze, both ''ever'' and ''recent'', and parental reporting of a diagnosis of asthma and eczema with family history of asthma. All models with the exception of those for asthma and the SIM model for eczema were highly statistically significant (Po0.01). With regard to gender, boys were observed to be at increased risk for all conditions. Although exposures were not measured by PIPER, sleeping with stuffed animals was observed to be associated with increased reporting of wheeze, but not asthma or eczema. Indoor pets were associated with wheeze and eczema, but interestingly not with asthma, perhaps reflecting that only three of the pets were felines. The principal finding in this study is that, when resuspended PM 100 was measured using the personal sampling surrogate PIPER, a stronger and dose-wise association with wheeze (''recent'' and ''ever''), asthma and eczema was observed. This same association was not as strong with conventional SIM for the same contaminants, which is consistent with the results of previous studies. 5, 6 The presence of an association between respiratory symptoms and resuspended dust, and a weaker or absent association with ambient air levels of dust, indicates that the composition of the resuspended particles is important to understanding the etiology of childhood respiratory and allergyrelated illnesses. Clearly, a key to understanding indoor air exposures and atopy associated with early childhood asthma and eczema lies in what the child is actually exposed to in their microenvironment. 8, 13, 26, 33 The increase in PM concentration caused by resuspension has been suggested to result from a child's floor activity resulting in a ''personal dust cloud''. 16, 34 Recurrent wheezing is a common problem in young children, with B40% of children experiencing wheeze in the first year of life. However, only 30% of them are diagnosed with asthma by 6 years of age. 18 The hygiene hypothesis suggests that those children exposed to endotoxins may be less likely to develop asthma. 5, 20, 35 Endotoxin, a lipopolysaccharide, is part of the outer cell wall of gram-negative bacteria and one of its known effects is to be able to downregulate TH2 cytokine production. The release of pro-inflammatory cytokines and inflammatory mediators may result in symptoms such as cough and wheeze. 37 Endotoxin exposure has been found to be a risk factor for asthma in some studies, 38 but not in others. 5, 20 The association between endotoxins and wheeze in young children has been established, but associations have been weak and based solely on exposure estimated from sampling settled house dust. 5, 19, 20, 35 Endotoxins have also been associated with increased risk for eczema as well. 13, 26, 33 The lack of a consistent association of endotoxin in the PIPER samples as opposed to the SIM samples with health outcomes, with the exception of eczema, may suggest that the inhalable fraction, which contains the endotoxin, may not be as strongly associated with the resuspendable fraction of inhalable PM.
In addition to high levels of PM and endotoxins, the presence of carpeting is also associated in the literature with wheeze. 20 Carpets can be a major part of a child's environment and are recognized as a reservoir for dust and endotoxins as well. 39, 40 Carpeted floors harbor more PM and therefore may result in more resuspension compared with vinyl floors. 16 Further, it has been suggested that the mechanical action of the compression and release of carpet fibers by foot traffic also aids resuspension of settled dust. 41 It is also possible that both the size distribution of inhalable particulate and the chemical and physical nature of PM in carpeted homes may be significantly different from homes that do not have carpets. It is therefore interesting to note that no association was observed with the presence of carpets or rugs for any of the health end points, with the odds ratio being less than 1 in all, with the exception of the SIM model for eczema (Table 5) . It is possible that by including inhalable exposures (SIM or PIPER) in the model, any effect of the presence of rugs or carpets is accounted for. It should be noted that when exposure measurements were removed from the models, only eczema with OR ¼ 3.9 (95% CI 0.7-22.4) and cough OR ¼ 1.9 (95% CI 0.6-6.3) was greater than 1.0. This relationship with eczema may be accounted for by the potential for contact exposures to allergens present in the carpet, which may represent a separate contribution from inhalation to a child's overall dose.
There is a consensus regarding the need for improved exposure assessment tools for studies on childhood asthma. 39 The traditional method of measuring personal exposure to airborne contaminants in adults has been with the use of personal samplers. 9, 42 However, personal sampling is virtually impossible in children less than 3 years of age owing to the size and weight of the sampling equipment, as well as the potential for mouthing of the equipment. Because of these factors, institutional review boards may have significant concerns over the use of such equipment in young children. In addition, it is important to measure exposures between 0 and 1 m above ground level, which represents the breathing zone of a child younger than 4 years of age. 14, 15 PIPER is an innovative tool for measuring exposure in young children using a robot as a personal sampler surrogate that simulates the dynamic and variable activity of the individual. 15 The present study has some limitations that should be noted. Because of the limited number of subjects, relatively few of the terms reached statistical significance (Tables 5 and 6 ). No data were collected on current use of medications of the study subjects. For this reason the analysis included wheeze ''ever'' to allow for potential mitigation of symptoms with current use of medications. Diagnosis of asthma was based on parent's report of the child having received a physician's diagnosis; given the age of this study population, this condition is likely to be underdiagnosed. Finally, this study population is clearly self-selected. However, the participating clinics from which most of the subjects were obtained, as previously noted, were from an ethnically and socially diverse population. Therefore, although the prevalence of symptoms present in this population is perhaps artificially high, it is not likely that the levels of PM or endotoxin in the study homes were significantly different from those found in the general population of central New Jersey.
A further validation study is currently being carried out in a subgroup of young children (2 to 3 years) in order to more clearly define the correlation between PIPER's effect on resuspension of house dust and that created by young children at play. This study directly compares personal monitoring of children to PIPER surrogate monitoring for household exposures. Preliminary evaluation of the data from the validation study suggests that the level and pattern of PM resuspension from PIPER is consistent with that actually observed from children at play. However, as anticipated, children in this age range will only tolerate wearing sampling equipment for short periods of time, limiting the ability to study low-level exposures. The magnitude of the observed associations in the current study already provides significant clues on how best to evaluate inhalable contaminants in the home for their role in initiating and potentiating respiratory symptoms, particularly in children who cannot be monitored with personal sampling devices.
In this study, children who lived in homes determined by PIPER to have elevated PM levels were far more likely to report ''recent'' or ''ever'' having wheezed and to have reported physician diagnosis of asthma and eczema; for all of these end points this observation was suggestive of a dose response ( Table 6 ). The magnitude of the increased risk observed for both wheeze and asthma and eczema for the highest tertile of PM exposure ranged from greater than fourfold to greater than eightfold for PM. All of these findings, although not reaching statistical significance because of the study's size, greatly exceed associations previously reported for indoor air contaminants. The resuspended PM, as measured by PIPER, indicates that previous methodologies may not be examining the inhalation exposures that are most relevant to children's health. Because the particle size distribution of resuspended house dust is different from that of ambient dust, the site of deposition in the respiratory systems is different. The resuspended house dust is clearly composed of relatively larger particles (2.5-o100 mm mean aerodynamic diameter) that are more likely to settle rapidly in undisturbed room air. 8, 43 The particles at the lower end of this range (2.5-o5.0 mm) are still small enough to penetrate and deposit in respiratory bronchioli and therefore are relevant to respiratory symptoms (e.g. wheeze) and asthma. Exposure to this size inhalable particle may, therefore, contribute significantly to the inhaled dose of allergens. Being able to accurately characterize these exposures may give clues to a more accurate prognosis, particularly if the exposure data are linked with genetic and epigenetic investigations in the future. By employing PIPER and other similar methodologies in early childhood, a clearer picture may emerge in understanding how to prevent and mitigate childhood respiratory symptoms by providing a more clinically relevant estimate of actual exposures.
